Ground-based measurements were carried out during field campaigns in April-June of 2010, 2011 and 2012 over northwestern China at Minqin, the Semi-Arid Climate and Environment Observatory of Lanzhou University (SACOL) and Dunhuang. In this study, three dust cases were examined, and the statistical results of dust occurrence, along with physical and optical properties, were analyzed. The results show that both lofted dust layers and near-surface dust layers were characterized by extinction coefficients of 0.25-1.05 km −1 and high particle depolarization ratios (PDRs) of 0.25-0.40 at 527 nm wavelength. During the three campaigns, the frequencies of dust occurrence retrieved from the lidar observations were all higher than 88%, and the highest frequency was in April. The vertical distributions revealed that the maximum height of dust layers typically reached 7.8-9 km or higher. The high intensity of dust layers mostly occurred within the planetary boundary layer (PBL). The monthly averaged PDRs decreased from April to June, which implies a dust load reduction. A comparison of the relationship between the aerosol optical depth at 500 nm (AOD 500 ) and the Angstrom exponent at 440-870 nm (AE ) confirms that there is a more complex mixture of dust aerosols with other types of aerosols when the effects of human activities become significant.
Introduction
Mineral dust, as a major component of atmospheric aerosols, has a strong impact on the atmosphere [1] [2] [3] [4] [5] [6] . It affects the radiation budget of the earth's atmosphere by scattering and absorbing solar radiation, alters cloud characteristics by acting as cloud condensation nuclei or ice nuclei and heats up the surrounding environment [4, [6] [7] [8] [9] . The Taklimakan and Gobi Deserts in southern Mongolia and northern China are two major active sources of East Asian dust. The lofted dust plumes from these sources, which are affected by terrain and prevailing mid-latitude westerlies in late winter and spring, can be transported over long ranges [7, [10] [11] [12] [13] [14] [15] [16] [17] [18] , influencing the air quality, human health and climate/meteorological patterns, etc. along the transport pathway [19] . Therefore, mineral dust is a key player in the earth's system.
Many studies have reported that the sign and magnitude of radiative forcing by dust aerosols rely greatly on accurate and reliable knowledge of the loading, optical properties, temporal-spatial distribution, and microphysical and chemical characteristics of dust aerosols [4, 8, 20, 21] . However, accurately estimating the effects of these factors on radiative forcing by dust aerosols is very difficult projects, since 2007. Here, in order to match up with the field campaign periods at Dunhuang and Minqin as much as possible, only the measurements from the MPL lidar instrument and the Cimel CE318 sun photometer from 11 April to 27 June 2011 were used. Further details regarding the SACOL objectives, platforms, instruments and measurement strategy and a summary of the results can be found in Huang et al. [36] . The geographical locations of the three sites and the major dust source regions are marked in Figure 1 . Figure 1 . Geographical map with major dust source regions (black text) over East Asia; the sites of the three field campaigns in Dunhuang, Minqin and SACOL a remarked in blue text. The map colors were modulated on the basis of the elevation and environment (arid regions, warm humid regions and cold humid regions) (adapted from http://www.naturalearthdata.com/).
Dunhuang
Dunhuang is situated at the westernmost fringe of the Hexi Corridor. The Taklimakan and Badain Jaran Deserts are located to the west and east of the Dunhuang region, respectively. Dunhuang is approximately 450 km downwind of the Taklimakan Desert. Agriculture and tourism are the dominant economic factors in this region. A field campaign with SACOL's mobile facility was carried out from 1 April to 16 June 2012. The observation station (40.492° N, 94 .955° E, 1061 m a.s.l), surrounded by farmland, the Gobi Desert and saline-alkali land (whose principal vegetation types are extremely sparse Alhagi), was located at edge of Dunhuang [37] .
Minqin
Minqin lies in the middle of the Hexi Corridor and is close to the southeastern margin of the Badain Jaran Desert and the western border of the Tengger Desert. The unique geographical position and special land surface types, combined with an extremely dry climate and strong wind conditions, lead to frequent dust storms during spring and early summer over this region. From 21 April to 15 June 2010, SACOL's mobile facility was deployed at a position (38.607° N, 102 .959° E, 1373 m a.s.l) surrounded by many dunes and little farmland. More detailed information about this field campaign is given in a previous paper [38] .
Instruments

The Lidar Instrument
The MPL-4B, manufactured by the Sigma Space Corporation, is a safe, compact, maintenance-free lidar system that has been automatically and continuously operated at a 527 nm wavelength since March 2007. The temporal and spatial resolutions are 1 min and 75 m, respectively. 
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Instruments
The Lidar Instrument
The MPL-4B, manufactured by the Sigma Space Corporation, is a safe, compact, maintenance-free lidar system that has been automatically and continuously operated at a 527 nm wavelength since March 2007. The temporal and spatial resolutions are 1 min and 75 m, respectively. The emission energy is 6-8 µJ, and the pulse repetition rate is 2500 Hz. After September 2009, the lidar system was upgraded with a polarization detector, improving the spatial resolution to 30 m while not changing the other parameters. The volume depolarization ratio can be obtained directly from regular measurements. Inversion products including the backscatter coefficient, backscatter ratio, cloud height, cloud thermodynamic phase and aerosol layer height can also be obtained by an automatic detection algorithm [39] .
Sun Photometer
Co-located with the MPL lidar is a Cimel CE-318 sun photometer, which is the standard instrument of AERONET [40] . CE-318 measures the direct and diffuse sky radiances within the spectral range from UV to near-infrared. The automatic sun-tracking and sky-scanning radiometer takes direct solar beam measurements every 15 min at wavelengths of 340, 380, 440, 500, 675, 870, 940 and 1020 nm [40] . The data are processed by AERONET (available online: http://aeronet.gsfc.nasa.gov) and are Level 2.0 quality assured. The AERONET data include the spectrally resolved aerosol optical depth as well as inversion products such as the Angstrom exponent, single scattering albedo, fine mode fraction, volume size distribution and complex refractive index. The uncertainty in the aerosol optical depth of a newly calibrated field instrument is approximately 0.01-0.021 [41] . The retrieval errors of the single scattering albedo and the real and imaginary parts of the complex refractive index are anticipated to be 0.03-0.05, 30-50% and 0.025-0.04, respectively, depending on the aerosol type and loading [42] . Furthermore, different aerosol types, such as pure desert dust and anthropogenic pollution particles, can be determined using AERONET data. In this study, the data gathered at stations Dunhuang_LZU, Minqin and SACOL were used.
Other Data and Tools
A weather transmitter (model WXT520, Vaisala, Vantaa, Finland) was used to record the air temperature ( • C), relative humidity (%), ambient pressure (hPa), wind speed (m/s), and wind direction ( • ) at three sites. The instrument was installed at the top of a mobile facility approximately 4 m in height (hereafter, the height corresponds to above ground level (a.g.l.)) at Dunhuang and Minqin, and the 1-min-average raw data were used in this paper. At SACOL site, all half-hour average data from the meteorological tower were used. Relative humidity, air temperature and wind speed sensors were installed at 2 m, and the ambient pressure was determined at 8 m.
The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was also run. This model was developed by the National Oceanographic and Atmospheric Administration (NOAA) in collaboration with Australia's Bureau of Meteorology [43] . The HYSPLIT model output can provide backward trajectories with a starting time approximately corresponding to the time of the lidar observation of the aerosol layer and can assess the possible source regions of air masses. The heights in the vertical direction above the measurement site were set as the base, center, and top of the observed layer.
Evaluation of Lidar Data
Here, the normalized relative backscatter (NRB; defined as Cβ(r)T(r) 2 , C: system calibration constant; β(r): the backscatter coefficient due to all types of atmospheric scattering; and T(r): atmospheric transmittance) data from lidar measurements at three sites were processed by using the automated detection and classification algorithm of atmospheric particle layers. This algorithm mainly includes four steps: calculating ratios, identifying particle layers, distinguishing particle layer types and revising the identifications. Unlike in previous works [44, 45] , the range-dependent threshold profiles of the backscatter ratio and linear depolarization ratio were obtained only in order to detect atmospheric particle layers. Next, the empirical thresholds were also determined, mainly from the backscatter coefficient and linear depolarization ratio, as well as the atmospheric thermodynamic state (temperature and wet temperature). Thus, the detected atmospheric particle layers were further distinguished as aerosols and liquid-, ice-and mixed-phase clouds. Here, when relying on the empirical thresholds derived from one elastic channel without a best estimation of the lidar ratio, dense dust aerosol layers with a large depolarization ratio were frequently mistaken as ice clouds. Therefore, a continuous wavelet transform operation, which can identify different particle layers within the atmosphere at multiple dilations, was combined with the algorithm mentioned above to distinguish dust aerosols from ice clouds, especially during dust events. More details about this algorithm are given in a previous study [39] . In this algorithm, the so-called MPL depolarization ratio (δ MPL ) (defined as the ratio of signals from the "cross-polar" and "co-polar" channels) was calculated first. Next, the volume linear depolarization ratio (δ linear ) was acquired using Equation (1) [46] :
Unlike in some detailed calibration methods [47] [48] [49] , the most general expression (as shown by Equation (2) [50] ) was used to calibrate the volume linear depolarization ratio from MPL lidar data. K is a calibration constant that relates to the differences in the receiver channel gains. σ is a correction term. There is only a single detector in a standard MPL-4B lidar instrument. As suggested by Jabonero et al. [50] , the impact of non-simultaneous measurements made by the polarization component on retrievals was ignored due to the rather small atmospheric particle variability within the 1 min temporal resolution. Thus, K was considered to be 1. The correction term σ, with a value of −0.065, can be estimated by using fitting procedures with molecular backgrounds under clear air conditions when considering a molecular volume linear depolarization ratio δ m of 0.00363.
As pointed out in other studies [51] [52] [53] , the volume linear depolarization ratio is the so-called total (observed) depolarization ratio. Atmospheric molecules and particles contribute to this ratio. Therefore, if we estimate the contribution of non-spherical particles to the total extinction, the particle depolarization ratio (PDR; δ p ) is a more appropriate indicator. Here, the PDR can be derived from Equation (3) as follows:
where BR is the backscatter ratio ((β a + β m )/β m , β m : backscatter coefficient of atmospheric molecules, and β a : backscatter coefficient of aerosols) and δ m is the depolarization ratio of atmospheric molecules.
Here, a δ m of 0.00363 was used, which can be determined from the full widths at half maximum of an interference filter ≤ 0.3 nm [51] . For a non-dust aerosol layer, the relative variation of 0.1% in δ m can be introduced to δ p with a variation of approximately 3.96~4.26%. As shown by Equation (3), δ p directly depends on the BR, δ m and δ linear,cal . Therefore, the uncertainties in δ m , δ linear,cal and BR can also cause uncertainty in δ p . In the dust layers, it was considered that δ m is much smaller than δ linear,cal . Therefore, the term δ m can be ignored. The term δ linear,cal is an observed quantity and was calibrated by using previous method. Thus, the more critical influence on δ p is any potential uncertainty in BR. The relative variation of 7.36~31.54% in BR and of 1.19%~14.22% in δ linear,cal contributed to a variation of 7.06%-28.45% in δ p through on the basis of error analysis of a lofted dust layer on 1 April 2012 at Dunhuang. The uncertainty in δ p becomes large as BR approaches 1. The retrieved BR from Mie lidar data was affected significantly by the assumption of the lidar ratio and the reference value β a (z 0 ) at a reference altitude z 0 . In this study, the backscatter coefficient was retrieved from the solution of a Fernald inversion [54] , with an assumed lidar ratio of 50 sr for aerosols. The reference altitudes varied with the top of the atmospheric particle feature layers. The BR at reference altitudes was set to 1.0 in our automatic algorithm. A sufficient signal-to-noise ratio for the reference altitude ensured that the calculated aerosol backscatter coefficient was not negative. Next, the extinction coefficient was roughly estimated from the backscatter coefficient multiplied by the assumed lidar ratio. The molecular extinction can be calculated via the pressure and temperature profiles obtained from ERA-Interim data. The profiles of the PDR and extinction coefficient were analyzed to determine the contribution of non-spherical aerosols in the ambient atmosphere. For this purpose, the estimation method suggested by Shimizu et al. [52] was applied to our MPL lidar data. The assumption for this method is that only two aerosol types, spherical and non-spherical aerosols, are present and that they are externally mixed. Considering that mineral dust is the most important component of non-spherical aerosols in East Asia during the spring season, we labeled non-spherical aerosols as mineral dust. The contribution ratio R dust of dust extinction to total extinction was calculated with Equation (4). R dust can be expressed as follows:
where the values of the depolarization ratio of mineral dust, δ 1 , and of the spherical aerosols, δ 2 , are 0.35 and 0.05, as given by Shimizu et al. [52] . R dust is sensitive to the values of δ 1 , δ 2 and δ p , and depends almost linearly on the inverse of δ 1 . δ 1 will vary during an observation campaign at the same location and vary across different stations at the same time. When the PDR is greater than δ 1 or lower than δ 2 , R dust is assigned a value of 1 or 0, respectively. When the dust density is high, R dust is not sensitive to this assumption [55, 56] .
In this study, we assumed the same lidar ratio for mineral dust and spherical aerosols and ignored the differences in the lidar ratio for different aerosol types and site locations. Thus, we can estimate the dust extinction from R dust multiplied by the same total aerosol extinction. Next, the extinction of a spherical aerosol ((1 − R dust )×ext total ) was also calculated. The results derived from this method were compared with high-volume sampler data and optical particle counter data. This comparison showed that dust and spherical aerosols were very well separated. Figure 2 shows the time-height indications of the extinction of dust and spherical aerosols during the entire campaign periods at Dunhuang, Minqin, and SACOL. On the basis of the algorithm described in the above section, the features related to the distributions of dust and spherical aerosols are well separated at each station. The medium-density dust events are mainly associated with two scenes: (1) the lofted dust layers or long-range-transported dust layers over the measurement sites (for example, the transported dust layer whose top height is at approximately 5.5 km occurs on 8-9 April at Dunhuang) and (2) the weakening stage of high-density dust events. These scenes are also seen on 28 April and 5 and 8-9 May with decreased extinction at Minqin. The top heights of these medium-density dust layers are below 2 km. At the three sites, the effects of dust activities in spring on the aerosol load are more significant than those in the other seasons. Therefore, most of the days in spring are always identified as low-density dust events.
Results and Discussion
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The medium-density dust events are mainly associated with two scenes: (1) the lofted dust layers or long-range-transported dust layers over the measurement sites (for example, the transported dust layer whose top height is at approximately 5.5 km occurs on 8-9 April at Dunhuang) and (2) the weakening stage of high-density dust events. These scenes are also seen on 28 April and 5 and 8-9 May with decreased extinction at Minqin. The top heights of these medium-density dust layers are below 2 km. At the three sites, the effects of dust activities in spring on the aerosol load are more significant than those in the other seasons. Therefore, most of the days in spring are always identified as low-density dust events. The extinction coefficient is indicated by the colored bars: red, green and blue indicate high, medium, and low density, respectively. Clouds are indicated in black. The height ranges where the signal intensity is too low are indicated in white. Periods of missing measurements are also indicated in white.
Case Studies
To illustrate the characteristics of the evolution of dust layers at three sites, we discuss three strongly contrasting cases in the following sections: Case 1, a lofted dust layer occurred on 22- 
To illustrate the characteristics of the evolution of dust layers at three sites, we discuss three strongly contrasting cases in the following sections: Case 1, a lofted dust layer occurred on 22- dust layer first reaches a height of 3.5 km at 19:00 on 22 April. This dust layer roughly extends from 1.75 km to 4.6 km in height. It is possible that the top height of the lofted dust layer is higher than 4.6 km because the lidar signals are severely attenuated above this dust layer. This is shown as a black area in Figure 3a and a corresponding white area in Figure 3b . At approximately 20:00 on 22 April, another intense dust layer near the ground arrives at the site. The depth of this dust layer increases from the surface to approximately 2 km in four hours. At the end of 22 April, a mixing of the two dust layers takes place. The vertical structure did not change much until 08:00 on 23 April, after which time the whole dust layer is divided into two parts: a residual layer and a near-surface layer. Figure 3c illustrates the variations in the meteorological parameters. After 20:00 on 22 April, the surface air pressure increases from 874.9 to 901.5 hPa in forty hours. The air temperature, relative humidity and wind speed display large diurnal cycles with differences of~25.9 • C,~30.9% and 9.9 ms −1 , respectively. The relative humidity and wind speed are always below 32% and 11 ms −1 , respectively. There are indications of a diurnal cycle with a general tendency toward stronger winds during the afternoon and weaker winds during the night and morning. It is very clear that the minimal air temperature and maximal relative humidity arise at approximately 06:00-07:00 and that the opposite condition occurs at approximately 16:00. Moreover, there is a good consistency between air temperature and wind speed after 8:00 on 23 April. Figure 3d shows the evolution of the profiles of extinction coefficients, PDRs and dust fraction over the entire process at different times with an 8-h interval. The profiles of the extinction coefficient between 2.0 km and 4.5 km demonstrate that the dust concentration gradually decreases and subsequently forms the residual layer at approximately 3.3 km height. The maximal extinction coefficient of the lofted dust layer is 0.87 km −1 . The extinction coefficients of the dust layer near the surface are as high as 0.27-0.56 km −1 , and it is categorized as a high-density dust layer. The profiles show that the PDR and dust fraction in the lofted and near-surface dust layers are always above 0.25 and 73%, respectively. The maximal PDR of 0.36 can be found below approximately 1.4 km. According to the dust fraction, this near-surface dust layer consists almost purely of dust at 20:00 on 23 April and 04:00 on 24 April.
According to the HYSPLIT backward trajectories, the air parcels arriving at 01:00 (Beijing time) on 23 April come from the northwest direction along the flanks of Mt. Tianshan (Figure 3e) . The air at a lower trajectory is long-range transported toward the measurement site from Siberia and from the Arctic Ocean via surges onto the continent. The relatively cool air associated with falling temperatures, rising pressure, high winds, and dust mobilization is shown in Figure 3c . The center trajectory originates along the China-Kazakhstan border. The lower trajectory is above 2 km before 06:00 on 22 April, while the center trajectory nearly reaches the ground once it reaches northern Xinjiang. The upper trajectory originates from a more western direction, traveling over the northern margin of the Tarim basin, where the air parcels are uplifted upon passing over the Pamir Mountains.
Case 2: On 23-25 May 2010 at Minqin
An extreme dust event with strong convective activity measured on 24-25 May 2010 is seen via the time-height indications of the NRB and linear depolarization ratio in Figure 4 . As shown in Figure 4a -c, a shallow dust layer near the surface arrives at the site when the wind speed increases rapidly at the end of 23 May. The top height of the dust layer stays below 900 m until 10:00 on 24 May. After that time, the dust layer is uplifted with the development of a mixed layer. The dust layer actively mixes in the vertical direction and extends rapidly from 1 km to 3 km during the noon hours. After approximately 17:00, the development of the dust layer is capped by low clouds. Two hours later, lidar signals show that the laser beam does not penetrate the lower part of this dust layer with a higher wind speed near the surface. Then, precipitation forms at approximately 06:00 on 25 May. During this process, the relative humidity increases from 15% to 87%. In particular, there is a marked increase in the relative humidity from 45% to 87% at 06:00-08:00 on 25 May.
During the entire period, there is a wavy upward trend of air pressure with small amplitude of 6 hPa (Figure 4c ). Compared with that in Case 1, the air temperature shows a significant diurnal cycle and then quickly falls when precipitation occurs. Distinct peaks in the wind speed are visible. When the wind speed is greater than approximately 4 ms −1 , more dust particles maybe picked up from the ground and cause severe attenuation of the lidar signals. The same scenario is also observed after 18:00 but at wind speeds above 6 ms −1 .
The profiles at different times with 4h intervals are shown in Figure 4d . The extinction coefficients at 04:00 and 08:00 on 24 May are roughly above 1.05 km −1 and 0.8 km −1 , respectively, in the lowest 0.6 km. For the same height and time, the high PDR with a maximum of 0.39 indicates that it is a pure dust layer. The dust fraction at this height also corroborates this finding. With the strong convection on 24 May, a considerable amount of dust particles is uplifted to higher levels, as confirmed by an increase in the extinction coefficient at 0.8-2 km. The vertical layering of the profiles of the extinction coefficient significantly changes before and after the convection event while the profiles of the PDR and dust fraction remain consistent. These coherent structures in the profiles clearly indicate the vertical transport of dust. The profiles at different times with 4h intervals are shown in Figure 4d . The extinction coefficients at 04:00 and 08:00 on 24 May are roughly above 1.05 km −1 and 0.8 km −1 , respectively, in the lowest 0.6 km. For the same height and time, the high PDR with a maximum of 0.39 indicates that it is a pure dust layer. The dust fraction at this height also corroborates this finding. With the strong convection on 24 May, a considerable amount of dust particles is uplifted to higher levels, as confirmed by an increase in the extinction coefficient at 0.8-2 km. The vertical layering of the profiles of the extinction coefficient significantly changes before and after the convection event while the profiles of the PDR and dust fraction remain consistent. These coherent structures in the profiles clearly indicate the vertical transport of dust.
The HYSPLIT trajectories arriving at the site at 16:00 (Beijing Time) on 24 May show a relatively complex situation with strongly changing airflow patterns between adjacent layers. A distinct turning of three trajectories from north-westerlies to south-easterlies is presented. The lower trajectory may pass over the site at an earlier time and meet the northward airflow first. With the airflow continuously moving to the north, the middle and upper trajectories also meet the Figure 5b . The dust layer firstly arrives at SACOL site at a height of 900 m at approximately 08:00 on 18 May. After approximately 20 min, the site is occupied by the dust layer. This dust event may be attributed to the possible differences in the synoptic situation and air mass characteristics between Case 2 and 3. Then, the top height of the convective boundary layer ascends from approximately 2.3 km to 3.5 km between 10:00 and 18:00 on 18 May. Meanwhile, dust particles are transported to the top of the convective boundary layer with the upward movement of dust plumes, and this transport is more remarkable in the afternoon on 18 May. A few low-level, broken water clouds are also generated at the top of the convective boundary layer during this period and are surrounded by the lofted dust particles. Precipitation weakens the lofting of dust particles after 20:00 on the same day.
Similar to Case 2, a wavy upward trend of air pressure with amplitude of 7 hPa is shown in Figure 5c . The air temperature falls from 23 • C to 13 • C, and the relative humidity increases from 21% to 62% after precipitation. The wind speed is lower than 4.5 ms −1 during the entire dust event. In addition, two distinct minima of wind speed can be found at the start and end of the dust event. Figure 5b . The dust layer firstly arrives at SACOL site at a height of 900 m at approximately 08:00 on 18 May. After approximately 20 min, the site is occupied by the dust layer. This dust event may be attributed to the possible differences in the synoptic situation and air mass characteristics between Case 2 and 3. Then, the top height of the convective boundary layer ascends from approximately 2.3 km to 3.5 km between 10:00 and 18:00 on 18 May. Meanwhile, dust particles are transported to the top of the convective boundary layer with the upward movement of dust plumes, and this transport is more remarkable in the afternoon on 18 May. A few low-level, broken water clouds are also generated at the top of the convective boundary layer during this period and are surrounded by the lofted dust particles. Precipitation weakens the lofting of dust particles after 20:00 on the same day. Similar to Case 2, a wavy upward trend of air pressure with amplitude of 7 hPa is shown in Figure 5c . The air temperature falls from 23℃ to 13℃, and the relative humidity increases from 21% to 62% after precipitation. The wind speed is lower than 4.5 ms −1 during the entire dust event. In addition, two distinct minima of wind speed can be found at the start and end of the dust event.
As shown by Figure 5d , the evolution of the dust layer is also reflected by the profiles of the extinction coefficients and PDRs at different times (with 2-h intervals). The height of the peak in each profile of the extinction coefficient increases from 0.9 km to 2.5 km with the upward movement of dust particles. The extinction coefficients of each peak decrease from 0.85 km −1 at 09:00 As shown by Figure 5d , the evolution of the dust layer is also reflected by the profiles of the extinction coefficients and PDRs at different times (with 2-h intervals). The height of the peak in each profile of the extinction coefficient increases from 0.9 km to 2.5 km with the upward movement of dust particles. The extinction coefficients of each peak decrease from 0.85 km −1 at 09:00 and then increase to 0.23 km −1 at 17:00. The PDRs remain in the range of 0.33-0.40. During this period, the dust load continues to weaken over time and with increasing height.
The HYSPLIT trajectories arriving at SACOL at 11:00 (Beijing Time) on 18 May present different sources from northwest China in Figure 5e . Apparently, all trajectories pass by active dust source regions on 15-16 May. Although the heights of air parcels remain below 1.5 km and are even near the surface during this period, we are still not sure whether the air parcels pick up dust at first. The three trajectories could have picked up dust particles from the Gobi Desert over western Inner Mongolia on 17 May. Then, the dust particles are advected to SACOL. 
Statistical Analysis
Dust Occurrence Frequency
Here, the PDRs and dust extinction coefficients are employed for statistical analysis of the occurrence frequency and intensity. The PDRs and dust extinction coefficients are all averaged on a daily basis. We assumed that the days with a mean PDR higher than 0.1 are dust days [52] . Based on this assumption, the number of dust days identified by lidar observations during the whole campaign is 69 (all available observation days: 72, similarly hereinafter), 54 (55) and 63 (71) at Dunhuang, Minqin and SACOL, respectively. The occurrence frequency of dust days is 95.8%, 98.2%, and 88.7% at the three respective sites. Figure 6 shows the monthly variation in the occurrence frequency: the number of dust days from April to June is 30 (30), 30 (31) and 9 (11) at Dunhuang; 10 (10), 29 (29) , and 15 (16) at Minqin; and 20 (20) , 28 (29) , and 16 (23) at SACOL. It is clear that dust days occur quite often in April and May and that the occurrence frequencies of dust days at three sites decrease gradually from April to June. Regarding the intensity of dust days mentioned in Section 3.1, the dust intensities recorded at Dunhuang, Minqin and SACOL ( Figure 6 ) have frequencies of 68.1%, 43.6%, and 66.7% at low density; 22.2%, 45.4%, and 22.2% at medium density; and 9.7%, 11%, and 11.1% at high density, respectively.
Dust Layer Height
A threshold of 0.1 for the PDRs is also used to verify the dust layer from each profile of the aerosol feature mask on days identified as dust days in Section 3.3.1. According to the low, medium and high intensities, the frequencies of each category are calculated with an interval of 600 m in 
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respectively. The vertical distributions also change depending on the dust intensity. For example, the total frequencies of the dust layers with a low intensity are all higher than 63.6% at each site. When the dust intensity changes from slight to severe, not only the maximum heights of the dust layers but also the total frequencies decrease. Notably, the dust layers with high intensities mostly occur within the atmospheric boundary layer. 
Profiles of Dust Aerosols
Figure 8a-f shows the average profiles of the dust extinction coefficients and PDRs during the entire periods of the three campaigns, along with their standard deviations. Generally, the peaks in the dust extinction coefficients have a similar vertical distribution. Dust aerosols are mostly located from the surface to approximately 4.5 km, with a peak in the extinction coefficient (higher than 0.15 km −1 ) at an altitude of 0.6 km at three sites. It is known that the extinction coefficient is related to the particle concentration and the PDR can indicate the non-spherical nature of atmosphere particles. Therefore, the dust concentrations in the free troposphere over Minqin and SACOL are slightly higher than those over Dunhuang. At Minqin and SACOL, relatively large peaks in the dust extinction coefficient (approximately 0.073 km −1 ) are observed from 7 km to 10.0 km and from 9 km to 10 km, respectively. Comparing with the vertical structure of the dust extinction coefficient at SACOL, the extension from the surface to 10 km height is larger in magnitude at Dunhuang and 
Dust Layer Height
A threshold of 0.1 for the PDRs is also used to verify the dust layer from each profile of the aerosol feature mask on days identified as dust days in Section 3.3.1. According to the low, medium and high intensities, the frequencies of each category are calculated with an interval of 600 m in height. As shown in Figure 7 , the vertical distributions of the dust layer reveal that the maximum heights of the dust layers during dust event periods vary from 7.8 to 9 km at three sites. The frequencies of the dust layers decrease slowly with increasing height. The highest frequencies of 16%, 20% and 18% occur around a height below 1.2 km at Dunhuang, Minqin and SACOL, respectively. The vertical distributions also change depending on the dust intensity. For example, the total frequencies of the dust layers with a low intensity are all higher than 63.6% at each site. When the dust intensity changes from slight to severe, not only the maximum heights of the dust layers but also the total frequencies decrease. Notably, the dust layers with high intensities mostly occur within the atmospheric boundary layer. respectively. The vertical distributions also change depending on the dust intensity. For example, the total frequencies of the dust layers with a low intensity are all higher than 63.6% at each site. When the dust intensity changes from slight to severe, not only the maximum heights of the dust layers but also the total frequencies decrease. Notably, the dust layers with high intensities mostly occur within the atmospheric boundary layer. 
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Figure 8a-f shows the average profiles of the dust extinction coefficients and PDRs during the entire periods of the three campaigns, along with their standard deviations. Generally, the peaks in the dust extinction coefficients have a similar vertical distribution. Dust aerosols are mostly located from the surface to approximately 4.5 km, with a peak in the extinction coefficient (higher than 0.15 km −1 ) at an altitude of 0.6 km at three sites. It is known that the extinction coefficient is related to the particle concentration and the PDR can indicate the non-spherical nature of atmosphere particles. Therefore, the dust concentrations in the free troposphere over Minqin and SACOL are slightly higher than those over Dunhuang. At Minqin and SACOL, relatively large peaks in the dust extinction coefficient (approximately 0.073 km −1 ) are observed from 7 km to 10.0 km and from 9 km 
Figure 8a-f shows the average profiles of the dust extinction coefficients and PDRs during the entire periods of the three campaigns, along with their standard deviations. Generally, the peaks in the dust extinction coefficients have a similar vertical distribution. Dust aerosols are mostly located from the surface to approximately 4.5 km, with a peak in the extinction coefficient (higher than 0.15 km −1 ) at an altitude of 0.6 km at three sites. It is known that the extinction coefficient is related to the particle concentration and the PDR can indicate the non-spherical nature of atmosphere particles. Therefore, the dust concentrations in the free troposphere over Minqin and SACOL are slightly higher than those over Dunhuang. At Minqin and SACOL, relatively large peaks in the dust extinction coefficient (approximately 0.073 km −1 ) are observed from 7 km to 10.0 km and from 9 km to 10 km, respectively. Comparing with the vertical structure of the dust extinction coefficient at SACOL, the extension from the surface to 10 km height is larger in magnitude at Dunhuang and Minqin. The relatively large mean PDRs vary in the range of 0.17-0.26 at three sites. The PDRs are located between 0.22 and 0.24 at SACOL, corresponding to the smallest variation with height. Obviously, the nadirs at 5.5-8.0 km reflect the two peaks that exist in the three average profiles of the PDR. In other words, there are two dust layers in the average profiles. The lower peaks of the PDRs appear at heights of approximately 2.5 km, 0.6 km and 1.0 km at Dunhuang, Minqin and SACOL, respectively, while the upper peaks appear at heights of approximately 10 km, 9.2 km and 8 km, respectively. Therefore, it is very clear that the upper dust layers are scaling down from Dunhuang to SACOL. We attributed this finding to the differences in the locations of the three sites. Dunhuang and Minqin are located in the dust source regions. Minqin and SACOL are located in the eastward transmission path of the Taklimakan and Gobi Deserts dust from Dunhuang. The vertical transport of dust particles at Dunhuang and Minqin sites is often due to strong convective activities. Only two scenarios can be considered at SACOL: long-range-transported dust layers in the free troposphere or dust mobilization within the atmospheric boundary layer. The activities of the vertical transport gradually weaken, and the long-range-transported dust layers are more common when moving from Dunhuang and Minqin to SACOL. The large standard deviations in these profiles are mainly due to the large number of dust particle layers that are common at three sites during the observation periods (e.g., the lofted dust layer, near-surface dust layer and long-range-transported dust layer in the free troposphere). Only two scenarios can be considered at SACOL: long-range-transported dust layers in the free troposphere or dust mobilization within the atmospheric boundary layer. The activities of the vertical transport gradually weaken, and the long-range-transported dust layers are more common when moving from Dunhuang and Minqin to SACOL. The large standard deviations in these profiles are mainly due to the large number of dust particle layers that are common at three sites during the observation periods (e.g., the lofted dust layer, near-surface dust layer and long-range-transported dust layer in the free troposphere). 
PDRs of Dust Aerosols
Previous studies with lidar measurements have focused mostly on the PDR at a wavelength of 532 nm. Here, we ignored the difference in the PDR due to the spectral differences between 532 nm 
Previous studies with lidar measurements have focused mostly on the PDR at a wavelength of 532 nm. Here, we ignored the difference in the PDR due to the spectral differences between 532 nm and 527 nm. The PDR ranges from 0.25-0.40 in the dust cases in this study. The lofted dust layer in Case 1 has a mean PDR of 0.35. The mean PDRs (0.36) of the near-ground dust layers in Cases 2 and 3 are slightly higher than those in Case 1. As indicated by Sugimoto et al. [58] , high values of 0.3-0.35 imply the occurrence of nearly pure dust particles. Therefore, all presented dust cases with a maximum PDR of 0.40 can be identified as pure dust cases. The monthly average PDRs at three sites are shown in Figure 9 . We can clearly see that the mean PDRs gradually decrease from April to June at each site. These average values are all between 0.14 and 0.24, and the smallest magnitude can be found at Minqin. The negative trend of the average PDRs indicates that the dust load of the total air mass is gradually declining.
Atmosphere 2018, 9, x FOR PEER REVIEW 15 of 19 burning/urban aerosols, similar to those reported in previous studies [64, 65] . For mixtures of different aerosol types with AOD500 values of 0.07-0.2 and 0.07-2 and AE440-870 values corresponding to −0.5-0.5 and 0.5-1.1, the relatively high turbidity at three sites shows that dust particles and fine particles from anthropogenic emissions coexisted during campaigns periods. The highest turbidity occurs at SACOL, followed by Minqin. The distance increases gradually between the observation sites and major dust sources, and the effects of human activities on the properties of dust aerosols also gradually increase. Therefore, the differences among the results at three sites can be explained by how much the sites are affected by human activity. The greater the human influence, the more complex the aerosol properties become, leading to higher turbidity. 
Summary and Conclusions
Ground-based lidar observations were carried out over northwestern China over nearly eight years. We provide for the first time a careful study that is mainly based on the observations of polarization-function MPL lidar and sun photometer at Dunhuang, Minqin and SACOL. In this study, dust cases at each site were studied successively. The dust occurrence frequency, vertical structure, and PDR were also statistically analyzed, and the results were compared. In addition, the potential effect of human activities on dust aerosol properties was preliminary analyzed.
Our results clearly show that both a lofted dust layer and near-surface dust layers were characterized by extinction coefficients of 0.25 to 1.05 km −1 and high PDRs of 0.25-0.40 at a 527 nm wavelength. These can be categorized as high-density dust layers. From April to June of 2010, 2011 and 2012 at Minqin, SACOL and Dunhuang, the occurrence frequencies of dust events retrieved from lidar observations were all higher than 88%. Dust events occurred quite often in April and Comparing our results with those from the literature at sites in adjacent areas, PDRs of 0.31-0.35 were measured at Dushanbe, Tajikistan [26] . PDRs of 0.09-0.11 in a lofted dust layer and of 0.18-0.33 in a near-ground dust layer were reported in Aksu [30] . Iwasaka et al. [27] measured a high PDR of 0.27 in a lofted dust layer over Dunhuang. PDRs of 0.3-0.35 were measured for dust aerosols during a summer dust observation campaign [27, 59] . At Shapotou, the PDRs ranged from 0.1-0.4 for dense dust within the boundary layer [60] . It was also reported that the PDRs of Asian dust particles vary from 0.08 to 0.35 [52, 61, 62] . According to these results, the PDRs of the dust cases in our study are mostly higher than those in the previous studies mentioned above, but the average PDRs are similar.
Potential Effect on Dust Aerosol Properties
As shown in Figure 10 , the scatter plots of the AOD at 500 nm (AOD 500 ) versus the AE at 440-870 nm (AE 440-870 ) at three sites provide an indication of the aerosol loading associated with the particle size. Instantaneous measurements were made by the sun photometer during 3 April-2 May 2012 at Dunhuang, 18 May-20 June 2010 at Minqin, and 1 April-7 May 2011 at SACOL, respectively. The largest AOD 500 range occurs at SACOL. The spread of the AE 440-870 values at the other sites is larger than that at SACOL. These scatter plots could be roughly classified into two types: (1) AE 440-870 decreases monotonously as AOD 500 increases and (2) AE 440-870 (<0.7) decreases as AOD 500 (>0.2) increases and AE 440-870 (>0.7) increases as AOD 500 (>0.2) increases. Consequently, the AE 440-870 at Dunhuang exhibits a relatively simple negative correlation with AOD 500 . The AE 440-870 at Minqin also shows a similar dependence on AOD 500 . The scatter plots of these two sites could be categorized as the first type, whereas the relationship between AE 440-870 and AOD 500 at SACOL matches the second type better. The PDRs of each scatter dot in Figure 10 are also presented by different colors. Overall, almost all PDRs are higher than 0.1, which suggests that dust particles are a main component of ambient air. The red dots suggest that severe dust events occurred. Pure dust with a maximum PDR of 0.40 can be seen at three sites. Certainly, a few areas with very clear air are also shown, for example, the blue dots located in the upper left corners of the Dunhuang and Minqin plots. Otherwise, a mixture of dust aerosols and other types of aerosols is indicated. 
Summary and Conclusions
Our results clearly show that both a lofted dust layer and near-surface dust layers were characterized by extinction coefficients of 0.25 to 1.05 km −1 and high PDRs of 0.25-0.40 at a 527 nm wavelength. These can be categorized as high-density dust layers. From April to June of 2010, 2011 and 2012 at Minqin, SACOL and Dunhuang, the occurrence frequencies of dust events retrieved from lidar observations were all higher than 88%. Dust events occurred quite often in April and The scatter plots may allow us to define physically interpretable cluster regions for different types of aerosols [63] . Although the coarse model dominates during the three campaigns, distinct measured optical properties are presented among these sites, which indicate an abundance of other aerosol types and mixtures. To analyze the differences, a classification frame-diagram is employed in order to sort the aerosols at three sites. For AE and AOD 500 in Figure 10 , the thresholds of each category subsection for the different aerosol state (clean continental air, biomass burning/urban aerosols, mixed type aerosols and desert dust) are taken from Table 2 in a previous study [64] . The conditions of clean continental air with an AOD 500 value below the threshold of 0.07 occurred only on 19 May and 17-18 June at Minqin. Dots with AOD 500 values of 0.2-2 and AE 440-870 values of −0.5-0.5 are considered to represent the arrival or end of dust events. During this process, the AOD 500 increases with AE 440-870 decreasing. The reverse pattern occurs at the end of a dust period. The dots with AE 440-870 >1.1 and AOD 500 nearly equal to 0.07, which are located in the upper left corner of Figure 10 for Dunhuang, show the lowest turbidity and a relative predominance of fine particles. At SACOL, the dots with AOD 500 equal to 0.07-2 and AE 440-870 >1.1 represent biomass burning/urban aerosols, similar to those reported in previous studies [64, 65] . For mixtures of different aerosol types with AOD 500 values of 0.07-0.2 and 0.07-2 and AE 440-870 values corresponding to −0.5-0.5 and 0.5-1.1, the relatively high turbidity at three sites shows that dust particles and fine particles from anthropogenic emissions coexisted during campaigns periods. The highest turbidity occurs at SACOL, followed by Minqin. The distance increases gradually between the observation sites and major dust sources, and the effects of human activities on the properties of dust aerosols also gradually increase. Therefore, the differences among the results at three sites can be explained by how much the sites are affected by human activity. The greater the human influence, the more complex the aerosol properties become, leading to higher turbidity.
Our results clearly show that both a lofted dust layer and near-surface dust layers were characterized by extinction coefficients of 0.25 to 1.05 km −1 and high PDRs of 0.25-0.40 at a 527 nm wavelength. These can be categorized as high-density dust layers. From April to June of 2010, 2011 and 2012 at Minqin, SACOL and Dunhuang, the occurrence frequencies of dust events retrieved from lidar observations were all higher than 88%. Dust events occurred quite often in April and May, and the highest frequency was observed in April. The vertical distributions revealed that the dust layers typically reached 7.8-9.0 km in height or higher. The dust layers with high intensity almost occurred within the atmospheric boundary layer. The average profiles of the dust extinction coefficient had a similar vertical distribution during the three campaigns. The activities of the vertical transport of dust aerosols weaken gradually, and the long-range transported dust aerosols were more common from Dunhuang and Minqin to SACOL. The monthly averaged PDR decreased gradually from April to June, which implies a dust load reduction. Comparing the AOD 500 , AE and PDRs, we further confirmed that the mixture of different aerosol types becomes more complex when the effects of human activities increase.
A limited quantitative and qualitative analysis of dust aerosols was presented with limited observations in this study, and we did not more carefully assess the impacts of some factors. For example, all the data were obtained during the same season but in different years. This may be part of the reason for the differences in physical and optical properties; moreover, the uncertainty in the extinction coefficient retrieved with the assumed constant lidar ratio was not examined. This uncertainty will additionally affect the calculation of the PDRs. Significant differences in the relationship between AOD 500 and AE 440-870 existed among the three sites. Although limited data were used here, a complex mixture of different aerosol types can still be recognized. Under these conditions, using the same constant lidar ratio for the three campaigns will lead to some uncertainty regarding the total differences. Therefore, the extinction coefficient is only roughly variable as a reference. In future work, we will continue to focus on observations to systematically explore more detailed information regarding this region based on multi-wavelength Raman polarization lidar data. Author Contributions: J.H. and W.Z. conceived and designed the campaigns; J.B., Z.H., J.S. and B.Z. performed the campaigns; H.X. and T.Z. analyzed the data; T.Z. wrote the paper.
